The major problem of wood in service is dimensional instability caused by varying relative humidity of the surrounding environment. This study investigated the effect of thermal modification on the physical and mechanical properties of Gmelina arborea wood. Freshly felled Gmelina arborea trees were machined and trimmed to standard size of 20×20×60 mm for the determination of physical properties (colour, volumetric shrinkage, swelling and water absorption) and 20×20×300 mm for mechanical properties (Modulus of Rupture and Modulus of Elasticity) assessment. Thermal modifications were performed in several batches using 160, 180 and 200 o C at 1, 2 and 3 hours. 
Introduction


Wood is a ligno-cellulosic material and natural resources. It is the most versatile raw material the world has ever known. Throughout history, man relied on wood for needs varying from farming tools to building materials. Wood remained virtually the most predominant material used for construction and energy generation until the last half of the 19th century [1] . Being a hygroscopic and biodegradable material, wood in service shrinks and swells due to varying humidity and its service life can be shortened due to decay fungi when exposed to humid or wet conditions, and insects such as powder post beetles and termites [2, 3] . An alternative way of protecting wood from decay and insects without the use of toxic preservatives is by improving its dimensional stability through thermal modification [4] [5] [6] .
Thermal modification is the process of subjecting solid wood to temperatures close to or above 200°C for several hours in an atmosphere with low oxygen content [4] . This process results to the modification of cell wall components. Portions of hemicelluloses are hydrolyzed into their monosaccharide components such as glucose, galactose, mannose, arabinose, and xylose, while the amorphous regions of cellulose are hydrolyzed, breaking cellulose into shorter chains. The degradation of these two major components of the cell wall lead to a reduction of free hydroxyl groups in their chemical structures. In contrast, lignin's cross-linking is believed to increase [6] [7] [8] .
These modifications in the cell wall result in several changes in wood properties. Regardless of the process used, common results are colour change from white or yellowish into brown or dark brown; decreased shrinking and swelling by 50-90% due to reduced equilibrium moisture content of the wood; improvement of biological durability; decreased heat conductivity by 10-30%; reduction in weight by 5-15%; and extractives migration onto the wood surface [4, 5, 9] .
Physical properties are the quantitative characteristics of wood and its behaviour to external influences other than applied forces. Familiarity with physical properties is important because they can significantly influence the performance and strength of wood used in structural applications [10] .
Mechanical properties are the characteristics of a material in response to externally applied forces. They include elastic properties, which characterize resistance to deformation and distortion, and strength properties which characterize resistance to applied loads. Mechanical property values are given in terms of stress and strain The mechanical property values of wood are obtained from laboratory tests of lumber of straight-grain clear wood samples (without natural defects that would reduce strength, such as knots, checks, splits, etc. [11] . There is need to investigate the effects of thermal modification on physical and mechanical properties of wood.
Study Area
This research was conducted at the Central Research Laboratory, Federal University of Technology, Akure (FUTA), Nigeria. It is located on the longitude of 70291North and latitude of 50131East. The climate is the humid sub-tropical indicating that it is basically within the tropical rainforest zone which is dominated by broad leaved hardwood trees that form hard layered stands [12] . The mean annual temperature is about 260°C (min. 190°C and max. 3400°C) and rainfall of 1500 mm with bimodal rainfall pattern [13] .
Materials Used
Materials used for this study were freshly cut trees of Gmelina arborea at the plantation of The Federal University of Technology Akure, Ondo State, Nigeria. Two trees were felled and Samples were cut at the top, middle and base portions along the grain to specified dimensions. Equipment for this study were chain saw and circular sawing machine for felling and cutting of the samples, weighing balance, Vernier calliper, electric oven-dryer, water, plastic bowls desiccators with silica gel and the Universal Testing Machine.
Preparation of Wood Samples
The Gmelina arborea logs were flitched into lumber and the outer and inner portions of the sampling height (top, middle and base portions) along the grain pattern were used in preparation of samples. The sawn planks were machined and trimmed to standard size of 20×20×60 mm for determination of physical properties and 10×10×300 mm for mechanical properties and the samples were replicated three times.
Thermal Modification Process
A large-sized electric oven-dryer with temperature control at the Central Research Laboratory, FUTA was used as the treating chamber for thermal modification. The thermal modification process was performed in several batches using temperature and time interval of 160, 180 and 200°C at 1hr, 2 hrs and 3 hrs. The treatment time was recorded once the inside temperature of the oven reached target treatment temperature.
Wood Colour
After thermal treatment, the treated samples were characterized and compared with untreated control specimens based on colour and texture. The presence of colour changes due to treatments was also noted.
Hygroscopicity and Dimensional Stability
The hygroscopicity (measured by water absorption) and dimensional stability (measured by volumetric swelling and shrinkage) were determined following ASTM Vol. D.09 [11] with some modifications. Sample specimens measuring 20×20×60 mm were used to carry out this experiment. Three replicates per treatment were prepared. Prior and after submersion in water, the dimensions and weight were measured using a digital weighing balance, the samples were submerged in water. After 24 hours, the samples were removed and air-dried to drain for 10 min then the excess surface water was wiped off with dry cloth. The amount of water absorbed and volumetric swelling were calculated by using the difference of the weight and dimensions before and after submersion expressed as percentage of the initial weight or dimensions. The samples were thereafter re-oven dried to a constant weight for determination of the volumetric shrinkage.
The physical properties test was calculated using the following formulae:
Where: VS = volumetric shrinkage Di = Initial (wet) volume of the wood Do = Final (oven dry) volume of the wood 
Where: WA = Water Absorption W wet = Weight of the samples after soaking in water (kg) W dry = Weight of the oven dried samples (kg)
Mechanical Properties
Mechanical tests conducted on the thermally modified Gmelina arborea wood include: Modulus of Rupture and Elasticity (MOR and MOE) in accordance with ASTM Vol. D.09 [11] . Samples' dimension of 10×10×300 mm with a total of three replicates for each treatment combinations were tested using a Universal Testing Machine. The actual width and thickness of each sample were measured prior to testing. Center loading of the 230 mm span of the sample was used. Speed of test was 20 mm/min. At the point of failure the force exerted on the sample that caused the failure was recorded and the MOR and MOE were calculated using the formula: 
Statistical Analysis
Data obtained were analysed using analysis of variance (ANOVA). Test of significance of the different treatment variables was estimated using 2×2×3×3×4 factorial experiment in a Randomized Complete Block Design (RCBD). Treatment means were separated using Duncan Multiple Range Test.
Results and Discussions
Physical Properties
Colour
The colour of thermally treated Gmelina arborea wood varied from pale white to pale yellowish at 160º C for 1 hr and to very dark brown at 200 for 3 hrs (Figs. 1 and 2). It was evident that as the treatment temperature and duration was increased from 160°C for 1 hr to 200°C for 3hrs, the colour change intensified from pale yellowish to chocolate brown. This colour change in the wood can be attributed to some chemical reactions that took place during heat process. During the thermal modification of Gmelina arborea wood samples, aldehydes and phenols may have been formed from degraded carbohydrates, and this could be responsible for the formation of coloured compounds after chemical reactions as this observation is similar to the study reported by McDonald et al. [14] .
For a given treatment time, the degree of colour change was greater for specimens treated at 3hrs than for specimens treated at 1 hr. Similarly, specimens treated at a given temperature of 200°C were darker than those treated at the same temperature for 160°C. However, the treatment temperature has a more profound influence than the treatment time according to Mitsui et al. [15] . Also, according to Sundqvist [16] , the changes in colour of thermally modified wood are attributed to oxidative changes, which predominate over hydrolysis reactions. He concluded that both extractives and structural components (hemicelluloses and lignin) took part in colour change of heat-treated wood. Also, colour of the wood becomes darker due to the thermal degradation of lignin.
Hygroscopicity and Dimensional Stability of Treated and Untreated Gmelina Arborea Wood
The mean values of volumetric swelling, shrinkage and water absorption are presented in Table 1. The  result on Tables 2-4 showed the analysis of variance for thermally treated and untreated samples for Volumetric Swelling, Volumetric Swelling and Water Absorption coefficient for 24hrs. Duncan Multiple Range Test was used to separate the mean of Water Absorption due to significant in the levels of the treatment factors (Table  5) .
Thermally treated samples showed volumetric swelling values ranging from 1.94% (200°C for 3 hrs) to 3.62% (160°C for 1hr) as presented in Table 1 and this ranges were relative to untreated which swelled by 5.21%. It can be noted that volumetric swelling following thermal treatment decreased with increase in treatment time and temperature. Analysis of variance In general, it can be said that the volumetric swelling of all treated samples was similar in trend or behaviour to that of volumetric shrinkage except that it was lower in percentage value due to its different cell arrangement [17] . Heat treatment was effective enough to decrease the volumetric swelling and shrinkage of Gmelina arborea at 160°C at 1hr until 200°C at 3hrs. The maximum decrease was noted at treatment combination of 200°C at 3hrs. In general, it showed that as the treatment temperature and duration was increased, the percentage swelling and shrinkage decreased.
The decrease in volumetric swelling and shrinkage and increase in dimensional stability of heat treated wood is attributed to a decrease in moisture absorption. It is also a very interesting finding that treated specimens have a significant sharp reduction in moisture uptake when the heat treatment conditions were at 160°C (3 hrs), 180°C (3 hrs) and 200°C (3 hrs). According to the report of Yildiz et al. [18] , the reason may be attributed to material losses in the cell lumen and hemicelluloses degradation with high applied temperature. It is known that the weight of wood material and its swelling decreased when heat treatment was applied. Heat treatment reduces water uptake and wood cell wall gain less water due to decrease in the amount of hydroxyl groups in the wood. As a consequence of the reduced number of hydroxyl groups, the swelling and shrinking were reduced with the same proportion. The decrease in water absorption may be attributed to the reduction of available bonding sites of hydroxyl groups in the hemicelluloses and cellulose. Thermal degradation and the increased cross-linking of lignin could also limit sorption sites for water [6, 7, 19, 20] . Means in the same column having the same superscripts are not significantly different at 5% probability level.
Mechanical Properties Following Thermal Treatment of the Wood Samples
The results of the three-point flexural test for Modulus of Elasticity (MOE) and Modulus of Rupture (MOR) of thermally modified Gmelina arborea wood are presented in Tables 6-8 . The statistical analysis of variance (ANOVA) carried out in respect of MOE and MOR are presented in Tables 9 and 10 respectively  while their Duncan Multiple Range Test results were  included in Tables 11 and 12 . Means in the same column having the same superscripts are not significantly different at 5% probability level. (Table 9) . From the results in Table 9 , ANOVA showed that the change in the MOE of the treated samples was not significantly different to the control as a result of temperature and time combinations. Similar result was found by Rapp and Sailer [21] with the oil heat treatment and dry-air heat treatment of pine (Pinus sylvestris L.) treated at 180, 200, and 220º C. The heat-treated pine's MOE was not significantly different with the untreated although at 200º C the highest MOE of 11,000 N/mm 2 was achieved. For the treated samples, it was deduced from the Analysis of Variance that temperature factor contributed to the variation in MOE. Among the three wood locations, the highest temperature setting of 200°C does not significantly vary with 160 and 180°C in Table 12 . This is confirmed with the work done by Finnish ThermoWood Association [22] . Duncan Multiple Range Test carried out in separation of wood portion, treatment temperature and time showed that the three wood locations were significantly different in response to increased temperature and time which revealed reduction in MOE to the range of MOE obtained in the untreated wood samples (Tables 11 and 12 Table 10 , ANOVA showed that the treatments used in the study had significant effects on the Modulus of Rupture (MOR) of the treated samples in comparison to the untreated. In Plato-treatment, Beech wood's MOR was reduced by only 5 to 18% [23] . In Thermo Wood, MOR was reduced from 10 to 30% for the Finnish pine, spruce and birch. The different MOR values obtained can be attributed to various parameters such as atmosphere, temperature, duration, rate of heating, species, weight and dimensions of the pieces treated and original moisture content [24] . The Duncan Multiple Range Test carried out on wood locations showed that the basal portion of the wood was significantly different from the top and middle parts (Table 11 ). This may be as a result of fibre concentration at the lower part of the wood, Hence, the reason for the highest MOR at the basal portion of the wood.
Conclusion
Thermal treatment of wood is the most commercially developed strategy to modify wood characteristics. The thermal modification of Gmelina arborea wood affected both its physical and mechanical properties. The degree of modification varied with temperature and duration of treatment. In general, physical and mechanical properties of Gmelina arborea wood showed significant modifications at 200°C. The colour of the wood changed from light yellowish to very dark brown with increasing treatment temperature and duration. The thermally modified wood had a smoky smell and no defects were observed. The hygroscopicity and dimensional stability was improved as measured by reduced volumetric swelling, shrinkage and water absorption. The major disadvantage of thermal modification according to this research is that there was significant reduction in the mechanical properties of the wood most especially the Modulus of Rupture under a long period of heat treatment at 200°C.
From the study conducted, it can be suggested that desired wood properties can be defined from the various treatment combinations employed. For instance, if only improvement of dimensional stability and wood colour change are desired with no change in wood strength, the 180º C-1hr treatment combination would suffice since it would result in 50 % improvement. However, if the desired properties are dimensional stability with acceptable reduction in wood strength, the optimum treatment combination of 200º C-3 hrs is recommended. The type of use for the thermally modified Gmelina arborea wood can be based on the desired properties. Hence thermal modification of wood reduced the hygroscopic properties and improved the dimensional stability.
